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Abstract 
Increasing uses of silicon chip in solar cell makes the thinning of silicon chip necessary. Surface defects are easily induced on 
chip during the thinning and machining processes. The stress concentration resulted from defects would be the source of crack 
and failure of silicon chips. In this research, the finite element analysis was used to investigate the effect of nanonotches on stress 
concentration caused by surface defect with different parameters for silicon chip. Since we focused on the stress distribution near 
the defect, nanonotches were introduced in the nearby area of defect in the finite element analysis. The silicon chip was under 
four-point bending and the stress concentration factor at crack tip on silicon chip with nanonotches was reduced more than 40% 
for the case studied. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the National Tsing Hua University, Department of Power Mechanical 
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Nomenclature 
b crack depth (um)  
Kt  stress concentration factor 
Fm  material factor 
Fs  shape factor 
ȡ radius of curvature at crack tip (um) 
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1. Introduction 
As solar energy industry becomes more mature, we pay more attentions on energy conversion efficiency and 
reliability of solar cell. How to maintain a good reliability is an important issue concerned. It is known that 
nanonotches on solar cell surface can increase the anti-reflection and absorption efficiency of solar cell [1-4]. 
However, less study was found for the relation between nanonotches and mechanical strength of solar cell. 
In the process of thinning of solar cell would result in some small crack in the chip. These cracks would easily be 
the origin of chip failure when under the external loads. In 1952, Williams [5] used the eigensolution expansion 
method to analyze the sophisticated stress singularity of materials with single wedge. Sih [6] summarized many 
kinds of crack problems with different boundary conditions. It was proved that stress concentration of V-shaped 
notch can be relaxed by nanonotches [7]. Jheng [8] concluded that when building periodical structure on surface, the 
stress concentration at notch would change according to the geometric shape of structure. Chen [9] found that the 
strength of chips with surface nanonotches were 2.5 times better than that of polished chips under bending test; 
furthermore, the chips with surface nanonotches broke into several small pieces, in contrary to the case for polished 
chips, breaking into few big pieces. In this paper, the improvement of chip's mechanical strength and stress 
concentration reduction at crack tip by adding nanonotches on chip surface were discussed. 
2. Finite Element Analysis 
Fig. 1 shows the schematic of a chip with nanonotches on surface. The analysis model was set as 3.6 mm length, 
1 mm width, and 0.16 mm thickness. The nanonotches was built according to the SEM image of the nanonotches 
etched on silicon chip [9]. Though the shape of nanonotches is different after etching, we adopted the nanonotches 
size, 0.4 Ɋ depth, 0.06 Ɋ width and 0.18 Ɋ pitch, to model the problem for finite element analysis. To prevent 
the stress concentration at the corner, the right angle corners were round with radius of 0.015 Ɋ. Considering the 
symmetry of the model, the crack was set at middle of model and with 1.02 Ɋ depth and a semicircle with 0.02 Ɋ 
at bottom, as Fig. 1(b). In this paper, the material properties of silicon were adopted from Wilson et al. [10]; the 
Young’s modulus and the Poisson's ratio of silicon are 169 GPa and 0.27 respectively. 
 
                               
Fig. 1 Schematic of nanonotches on chip surface (a) half of silicon chip (b) middle crack size  
 
Since the size of whole model is much bigger than that of nanonotches, a complete model in the finite element 
analysis contains many elements with long computing time [11]. In the process of analysis, two steps were made. 
 
2.1 Build two-dimensional (2D) model 
 
We analyzed the problem in three-dimensional (3D) using 8-node solid 45 element first and compared the results 
with those using 4-node plane 42 element in 2D model. The 2D analysis was more efficiency for simplicity and the 
computing time. 
 
2.2 Build nanonotches near the central crack 
 
The stress concentration near the central crack is our main concern, therefore we build nanonotches in the 
section 0.18 mm from the central line near the crack only, as shown in Fig. 1, for computational efficiency. 
In this paper, the silicon beam is under four-point bending. Fig. 2 shows boundary conditions for the silicon 
a b
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beam under four-point bending. The 150 N force was applied on four points shown to apply four-point bending on 
the silicon beam. The mesh density of this problem was first tested to ensure the convergence of results with 
computational efficiency. When the element number reached about 900000, the stress near crack tip became steady 
and this element number was selected in the analysis. 
 
 
Fig. 2 Boundary conditions for the silicon beam under four-point bending 
3. Stress concentration factor  
In this paper we analyze the effect of nanonotches by computing the stress concentration factor of a silicon beam 
with a central crack. The stress concentration at crack tip is our main concern, a semicircle was adopted at the crack 
tip to avoid the stress singularity at crack tip. Chiang [12] reported that the stress concentration Kt at the crack tip is 
highly relevant to the geometric shape of crack, and can be expressed by the following formula. 
 
ܭ௧ ൌ ͳ ൅ ܨ௠ܨ௦                                                                                                                                                 (1) 
 
where ܨ௠ is the material factor and ܨ௦ is the shape factor. If we take silicon as an isotropic material, ܨ௠ is 2; and ܨ௦ is 
relevant to depth of crack ܾ and radius of semicircle at crack tip ߩ, as shown below: 
 
ܨ௦ ൌ ͳǤͲͷඥܾȀߩ െ ͲǤͲͷ                                                                                                                                      (2) 
 
4. Results and Discussion 
We used several sets of geometric parameters in this paper to test the rationality of crack geometry, and chose 
the set with 1.02 Ɋ depth and 0.02 Ɋ radius of semicircle at crack tip, ܾ/ߩ=51, as example for discussion. The 
stress concentration factor computed by formula (1) and (2) is 15.9, only 2.5% deviation from the result, 16.3, 
obtained by finite element analysis. Therefore this crack geometry was reasonable to be used in the finite element 
analysis. 
There are many kinds of surface defect, we only focused on the central crack with ܾ /ߩ=51. The stress 
distribution near crack tip with nanonotches on chip surface was found by finite element method and discussed. Fig. 
3 and Fig. 4 show the stress distribution around the crack tip for both polished chip model and for the chip model 
with nanonotches on surface (0.4 Ɋ  depth, 0.06 Ɋ  width and 0.18 Ɋ  pitch). It can be seen that stress 
concentration at crack tip in the polished chip is much more apparent than that of chip with nanonotches on surface. 
Finding the maximum stress value and the stress concentration factors were calculated as in Table 1. The results 
show that the stress concentration factor of the chip model with nanonotches on surface is about 50% lower than that 
obtained from the polished model. 
 
              Table 1. Stress at crack tip and stress concentration factor 
 Polished surface Polished surface with 
crack 
With surface nanonotches 
& crack 
Stress at crack tip (MPa)  20.4 333.9 194.1 
Stress concentration factor 1.0 16.3 9.5 
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Fig. 3 Stress distribution around crack for the polished chip model 
 
 
Fig. 4 Stress distribution around crack for the chip model with nanonotches on surface 
5. Conclusions 
In this study, the finite element analysis was used to investigate the stress concentration reduction at crack tip by 
adding nanonotches on chip surface. The silicon chip with a central crack was under four-point bending. The crack 
on silicon chip surface with different geometric parameters was analyzed and the ratio of depth to radius of 
semicircle at crack tip, ܾ/ߩ=51, was reasonable in the finite element analysis. The stress concentration factor at 
crack tip on silicon chip with nanonotches was found to reduce more than 40% for the case studied when compared 
to that without nanonotches and the mechanical strength of chip was improved also. 
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